Abstract-Pd-cluster coated, engineered tobacco mosaic virus (TMV) and similarly coated single-walled carbon nanotube (SWNT) particles have been studied for hydrogen detection with the help of surface acoustic wave (SAW) resonators. SAW resonators were coated with these two different nano-structured sensing layers (Pd-TMV and Pd-SWNT) which produced differently useful hydrogen sensor responses. The Pd-TMV coated resonator responded to hydrogen with nearly constant increases in frequency as compared to the Pd-SWNT coated device, which responded with concentration-dependent decreases in frequency of greater magnitude upon hydrogen exposure. The former behavior is more associated with acousto-electric phenomena in SAW devices and the later with mass loading. The 99% response times were 30-40 seconds for the Pd-TMV sensing layer and approximately 150 seconds for the Pd-SWNT layer. Both the films showed high robustness and reversibility at room temperature.
INTRODUCTION

A. SAW Theory
The two typical configurations of SAW devices are delayline and resonator. Resonators can be either a one or two-port RF device, with each port having its own interdigital transducers (IDTs) deposited on a piezoelectric substrate, between a pair of reflection gratings [1] . A two-port resonator, such as that used in this work, consists of an input IDT, output IDT and a pair of reflection gratings. The input IDT converts the applied signal to mechanical acoustic waves. The output IDT converts these mechanical SAW vibrations to electrical voltage [1] . The fundamental resonant frequency is related to acoustic wave propagation velocity by The presence of a sensing layer on the surface along its path causes the acoustic wave to be affected. This could result in changes in attenuation and resonant frequency. Interaction of the analyte molecules by the sensing layer could result in additional changes in wave velocity and possibly also in attenuation. The change in wave velocity can be determined by measuring the phase, frequency, or insertion loss, and are related as shown in equation 2
This equation is used in the design of oscillators where the changes in wave velocity are tracked by measuring changes in resonant frequency.
Gas sensor response can occur due to different perturbing mechanisms such as changes in mass, density, elastic stiffness coefficients, dielectric constant, electric conductivity, etc. of the sensing film [2] , with these perturbations related to wave velocity by equation 3.
In this work, we have used two nanomaterial sensing layers on two-port SAW resonators to construct hydrogen sensors, and have measured sensor responses by placing these devices in an oscillator circuit.
B. Sensing Films
Nanotechnology is aimed at design and synthesis of novel nanoscale materials. These materials could find uses in the design of optical, biomedical and electronic devices. One such example of a nanoscale biological system is a virus. Viruses have been given a lot of attention for assembly of nanoelectronic materials. The tobacco mosaic virus (TMV) used in this research represents an inexpensive and renewable biotemplate that can be easily functionalized for the synthesis of nanomaterials. Strains of this virus have been previously coated with metals, silica or semiconductor materials with potential applications in the assembly of nanostructures and nanoelectronic circuits [3] . Carbon nanotubes are another set of well-characterized nanoscale materials which have been widely investigated to put their physical and chemical properties to use in design of transistors, gas sensors, hydrogen storage cells, etc. [4, 5] .
Palladium is a well-known material for detection of hydrogen [6] . The processes of absorption and desorption are known to be reversible and are known to produce changes in density, elastic properties and conductivity of the film [7] . Despite these advantages, palladium films are known to suffer from problems of peeling and cracking in hydrogen sensor applications [8, 9] . They are also required to be cycled for a few times with hydrogen before they give reproducible responses [9] .
In this work, two similar nanostructures, Pd-TMV and Pd-SWNT are evaluated for their response to hydrogen when used as SAW resonator sensing films.
II. EXPERIMENTAL SETUP
A. SAW Oscillator Design
A commercial RF Monolithics, 315 MHz resonator was used in this work. This is a three-pin two-port device, having a pin for input, one for output and a common ground pin. The IDT pairs are fabricated on 36-degree single crystal quartz. This resonator was used as a frequency controlling element in the feedback loop of an oscillator. The oscillator ( Figure 1 ) was designed to ensure that the overall closed loop gain at the resonant frequency was over 0 dB and the corresponding phase shift was an integral multiple of 2nπ, where n is an integer. This ensures that there is continued and sustained oscillation at resonant frequency. The overall gain at resonant frequency was boosted up using a low noise Mini-Circuits ZFL-500LN amplifier. A low pass Mini-Circuits VLF-320 filter was used to attenuate high frequency signals. The required phase shift was obtained using a voltage variable phase shifter JSPHS 446 also from Mini-Circuits capable of providing over 360° of phase shift at the desired frequency. The resonant frequency of the device shifts as the analyte is absorbed by the sensing layer. Tracking of frequency helps follow the response of the device on absorption, which may increase or decease.
B. Gas Dilution Setup
To investigate the gas sensing properties of the sensing layer, an in-house, fully automated gas dilution system was used. The sensor (resonator coated with sensing layer) was fixed on a printed circuit board (PCB), and connections to and from the board were made using SMA connectors. The SAW device fixed on a PCB was placed in a stainless steel cell. The cell had a small opening at the top to allow the sensor to be in contact with the incoming gas but at the same time ensured a gas-tight seal. The cell was connected in series with the output of 4 MKS Type 1479A mass flow controllers connected to a 4 channel MKS Type 247 readout. MFCs of several maximum flow rates were utilized which were allowed for producing a wide range of concentrations from ppm to pure while ensuring a constant flow rate. Nitrogen was used as both reference and diluting gas to obtain hydrogen mixtures at different concentrations (0.2-2.5%). A flow rate of 1000 sccm was maintained with operating temperature maintained at 22.5 ºC (close to typical ambient temperature). The block diagram of the experimental setup is shown in Figure 2 . 
C. Layer Preparation and Measurement:
The RP1239, 315 MHz, TO-39 package was uncapped and sputter coated with 1000 Å of SiO 2 . One of the resonators was drop coated with a 20 µL sample of 0.001 mg/mL Pd-TMV solution. Synthesis of Pd-TMV has been described previously [10] . Another resonator was drop coated with a 10 µL sample of 0.167 mg/mL SWNTs dispersed in 1% SDS in D 2 0 solution. This device was coated with 27 Å of palladium using electron beam evaporation. To measure the changes in resonant frequency and attenuation due to addition of SiO 2 and sensing layer, an Agilent 8753ES S-parameter Network Analyzer was utilized. These changes are tabulated in Tables 1 and 2 , respectively. The uncoated device resonant frequency and attenuation were measured as 315.028750 MHz and -3.5755 dBm. III. RESULTS The two resonators coated with different sensing layers (Pd-TMV and Pd-SWNT) were exposed to varying concentrations (0.2-2.5%) of hydrogen in nitrogen. The flow rate was maintained at a fixed 1000 sccm to avoid any flow related effects. Both the resonators were placed in the stainless steel test cell and connected to the oscillator circuit to form the frequency controlling element.
The Pd-TMV resonator produced an increase in frequency when exposed to hydrogen in the concentration range 0.2-2.5 volume%. This is shown in Figure 3 . This characteristic is associated more with acousto-electric phenomenon due to generation of a layer of bound charges at the surface accompanying the mechanical wave. These bound charges are the source of wave potential and hence generate an evanescent electric field. The deposition of a conductive film on this causes the redistribution of charge carriers. This redistribution compensates the layer of the bound charges developed due to the passing surface wave [2] . Response and recovery times for 99% of full scale were about 30 seconds, for all hydrogen concentrations as shown in Figure 4 .
Interestingly, the frequency shifts are nearly independent of hydrogen concentration, and are small, although easily measurable and repeatable, as shown in Figure 5 . It is likely that the small amounts of Pd-TMV we deposited are not producing easily measurable concentration dependence of the response. More experiments with larger Pd loadings will possibly shed more light on the sensing phenomenon, and such experiments are underway. Frequency shifts for the Pd-SWNT coated resonator when exposed to hydrogen in the 0.2-2.5 volume% range are shown in Figure 6 . In accordance with a mass-loading response mechanism, frequency decreases were observed upon hydrogen exposures [2] . These shifts are seen to be quite large, keeping in mind that only a 27 Å layer of Pd was deposited on the SWNTs. Figure 7 shows the response times, defined as time taken to reach 99% of complete response, for the 0.2-2.5 volume% exposures of hydrogen. These are seen to be about 175 seconds. While these are larger than for the Pd-TMV films, it should be noted that the large and immediate response reflected in the 66% response time (see Figure 6 ) allows for fastresponding hydrogen sensors using Pd-SWNTs to be constructed. The device calibration curve is shown in Figure 8 , which clearly indicates a concentration dependant frequency shift, unlike for the Pd-TMV layer tested.
An interesting result for both the Pd-TMV and Pd-SWNT films is that the device functioned repeatedly over weeks of testing, which is unlike the behavior exhibited by our previous SAW sensors utilizing thin Pd films [9] . In those studies, the Pd film was seen to peel and crack upon repeated hydrogen exposures. This is a well-known problem due to the rapid diffusion of hydrogen into and out of Pd, and has been alleviated by alloying with Ni or Ag in resistive thin-film hydrogen sensors [7] . Absorption of hydrogen in these sensing materials appears reversible, judging from the recovery of the device, and the constructed sensors are robust, for both Pd-TMV and Pd-SWNT materials. Figure 7 . Response times for Pd-SWCNT coated SAW resonator to 0.5-2.5 volume% hydrogen exposures at 22.5 ºC IV. CONCLUSION We used two palladium-based nanomaterials as hydrogen sensing layers in SAW sensor applications. The Pd-TMV film produced small, but easily measurable responses with fast response and recovery times for nearly full response. Frequency increases were observed upon hydrogen exposure, which is unexpected and associated with an electro-acoustic response mechanism.
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The Pd-SWNT layers produced much larger shifts, for a very small coating thickness of 27 Å of evaporated Pd on the SWNTs. The frequency decreases observed upon hydrogen exposure are the expected behavior for a mass-loaded SAW sensor response. Shifts were very large and were in the kHz range. The 99% response time was somewhat larger at 150 -200 seconds, than for the Pd-TMV layer; however, immediate and large frequency drops (reflected by the 66% response) are adequate to construct fast-responding hydrogen sensors. For both sensing materials, the process of absorption was reversible with both showing good robustness after weeks of testing. The reasons for this sensing film robustness, further characterization of the thickness dependence of the response, and explanation of the response mechanisms in detail are part of our on-going work. While delay-line SAW devices have been explored in hydrogen sensor applications in the literature, this is the first report of the viability of an inexpensive, commercial SAW resonator in hydrogen sensor applications. 
